Steam methane reformers are used in industry to convert methane (natural gas) and steam into hydrogen and carbon monoxide. The reformers consist of long pipes filled with catalyst pellets, heated by external burners. Previous researchers have conducted experiments to understand the behaviour of these reformers. Small scale experiments focussed on the reaction kinetics [Xu and Froment, AlChE 35:88-96, 1989). Industrial scale experiments found the effect of diffusional resistance on the reaction rate [Xu and Froment, AlChE 35:97-103, 1989]. From the experiments, a model was created to predict the behaviour of an industrial scale reactor. This model was solved numerically. The model incorporates heat, mass and momentum transfer to describe the temperature, composition and pressure along the reactor. A series of differential equations were solved in order to describe the reformer at 
Introduction
Methanex Corporation, Vancouver, Canada is the world's largest producer of methanol. The largest annual production comes from the three plants in New Zealand who have a combined capacity of 2.4×10 9 kg methanol per year. The methanol is manufactured using primarily methane and water as the feedstock. Steam methane reformers are one unit operation of many in this process. Inside these reformers methane, CH 4 , and water, H 2 O, are converted into primarily hydrogen, H 2 , carbon monoxide, CO, and carbon dioxide, CO 2 . The three main reactions are:
Reactions 1 and 3 are highly endothermic while reaction 2 is mildly exothermic. Overall the reactions are endothermic so they absorb energy and favour the products at higher temperatures. The reactor therefore needs to be heated to maintain a high temperature for the reaction. As there are more moles of product than reactant, lower pressure favours the products.
The reformers at Methanex's Motunui plant consist of 680 vertical tubes. All tubes are 14 m long and 110 mm internal diameter. The tubes are filled with nickel catalysts on an alumina support structure. The mixture of water and methane is fed into the top of the reformer at around 400°C and 20 bar gauge. The tubes are arranged in 10 rows of 68 tubes and downwards pointing burners between the rows at the roof of the reformer supply 400 MW of energy for the reactions. The gases exit the bottom of the tubes at around 860°C and 17 bar gauge. The outlet temperature has a strong influence on the efficiency of the C115 reformer. Higher temperatures result in less unreacted methane leaving the reformer, known as the methane slip. The maximum allowable temperature of the gases is limited, however, by the outlet system material. Above 900°C the life of the outlet system material is severely reduced by creep deformation.
The engineers at Methanex would like the ability to model the reformer. A model will be used for diagnosing current issues with the reformer. It can also be used for "what if analysis" such as exploring the use of different catalysts or larger tubes.
Many models have been created to describe reformers with varying levels of detail [5, 6] . Computational fluid dynamics has been used to describe them with a high accuracy [4] . Many of these take a long time to converge, however, so are impractical for Methanex to use regularly.
In this work a model has been created for the reformer in Python which replicates some of the work of Xu and Froment [8, 7] . It is compared with the original model to demonstrate that it a reasonable replica. In future work the model will be regressed against the data supplied by Methanex. Parameters for the reaction kinetics constants, heat flux, pressure drop and catalyst properties will be altered to ensure that the model is an accurate description for the reformers at Methanex, where the model will be used.
Model equations
The model is based on the work of Xu and Froment [8, 7] . It is steady state and one dimensional.
Reaction Kinetics
Experiments to determine the reaction kinetics were carried out by Xu and Froment [8] in a small scale reformer. Small catalysts were used to ensure Catalysts used by Methanex photographed in the tube looking from above [9] that diffusional resistance was not a factor. Six gases were considered in this model, CH 4 , CO 2 , CO, H 2 , H 2 O and N 2 .
The rate of change of concentration, c j (z), of each of the six gases down the length of the tube, z, is described for each gas, j, by the equation
The equation is based on a mass balance with advective flow. v is the superficial velocity of the gas in m/s, defined as the average velocity of the gas in the pipe if there were no catalysts filling it. The superficial velocity is likely to change as the molecular concentration of the gas increases down the tube. ε is the void fraction of the bed, ρ cat is the density of the catalyst in kg/m 3 and r j is the rate of disappearance of component j in kmol/kg cat s.
Reaction rates are used to calculate the rate of disappearance of each compo-C117 nent. For example:
where r 1 and r 3 are the reaction rates of reactions 1 and 3. The reaction rates are calculated using the method outlined in Xu and Froment [8] . The form of these equations is well established but parameters such as the activity coefficients will be adjusted later. Rates of disappearance will be negative for some of the gases indicating that they are being created.
Diffusional resistance
In industrial reformers the catalysts are much larger than in the small scale experiments performed by Xu and Froment [8] . The catalysts used by them were rings with diameter of 17 mm. Diffusional resistance is significant at that scale so needs to be accounted for. Catalysts are highly porous and reactions can be catalysed at any point on the surface of these pores. Unfortunately the reactants must diffuse in and the products must diffuse out of the catalyst and back into the bulk gas. For this size of catalyst the effects of diffusion can be significant and the reactions only take place near the outside of the catalyst. Xu and Froment [7] investigated the effect of diffusion by performing experiments on an industrial sized reformer. Since the partial pressure gradients are only near the surface, the diffusion equations are based on a planar geometry. The partial pressure profiles of CH 4 and CO 2 inside the catalyst at any particular point down the length of the tube are described by:
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where D e,CH 4 is the effective diffusivity of CH 4 , p s,CH 4 is the partial pressure of CH 4 inside the catalyst, R p is the effective radius of the catalyst and r CH 4 (P s ) is the rate of disappearance of CH 4 at that point in the catalyst, calculated using the partial pressures, p j of all components contained in vector P s . ξ is the dimensionless diffusional path length where ξ = 0 at the centre of the catalyst and ξ = 1 at the surface.
The other 3 components, CO, H 2 O and H 2 are described by algebraic equations which are derived from atomic balances for the 3 reactions.
At the outside surface of the catalyst the composition of the gases will be the same as in the bulk gas and in the middle of the catalyst there will be no composition gradient as the catalyst profile will be symmetrical. These boundary conditions are expressed as: dp s,CH 4 dξ = dp s,
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Solving these equations produces a concentration profile inside the catalysts. The reaction rate used in the equation 4 is calculated as the volume averaged reaction rate in the catalyst.
Diffusion coefficients are dependent on both molecular and Knudsen diffusivities D kj . Effective diffusivity is adjusted to account for the nature of the catalyst pores using the porosity and tortuosity of the catalyst [1] . Details of the method are outlined in Xu and Froment [7] . Parameters such as the tortuosity and porosity will be changed to suit the catalyst during regression.
Temperature
Two contributions to the temperature, T (z) of the tube were considered: the heat flux from the external burners and the heat produced or consumed by the reactions. These are added together in Equation 13
.
where c p is the specific heat of the gas, ρ g is the density of the gas, ρ b is the density of catalyst in the bed (kg cat /m 3 r ), ∆H i is the enthalpy of reaction i, d in is the internal diameter of the tube, U is the overall heat transfer coefficient of the tube and catalyst bed (W/m 2 K) and T r is the outside wall temperature. The model for the overall heat transfer coefficient provided by Xu and Froment [7] did not give reasonable results. The Leva model from Froment, Bischoff, and De Wilde [1] was used instead. Parameters involved in calculating the overall heat transfer coefficient are likely to change during regression.
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Pressure
The pressure drop model was also obtained from Froment, Bischoff, and De Wilde [1] . The pressure change, dp t /dz, is due to the friction in the pipes and is described by the equation:
where p t (z) is the total pressure of the gas, d p is the diameter of the catalyst pellets and v is the superficial velocity of the gas.
The friction factor, f, is calculated using the Hicks equation [3] and fits both low and high Reynolds number data very well. Many of the parameters in the Hicks equation will be changed during regression as they are very dependent on the catalyst shape.
Model Structure
The model described above was implemented in Python, making use of computing power not available to Xu and Froment [8, 7] . An Excel interface is used to make the model accessible for engineers with little Python knowledge.
Here parameters such as the initial conditions and catalyst properties can be inputted and interpreted by the Python code. SciPy mathematical algorithms were used to solve equations in the model. These were scipy.integrate.odeint, scipy.integrate.solve_bvp and scipy.optimize.fsolve.
The open source thermodynamics package Cantera [2] is used to calculate various physical properties of the gases, most notably the diffusivity of the gases at each point in the catalyst. The equilibrate function of Cantera is used to find the equilibrium concentrations for all conditions encountered in the tube and catalysts.
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The function odeint solves a system of ordinary differential equations and was used for integrating down the length of the tube. The function solve_bvp was used to solve equations 6 and 7. It was chosen over odeint because the equations are bounded at both ends. It receives an initial mesh of positions inside the catalyst and an initial guess for partial pressures at each mesh point. In order to integrate these diffusion equations, the second order differential equations are reduced to two first order differential equations using dummy variables, u 1 and u 2 . For example for methane: dp s,
This set of 4 differential equations is used by solve_bvp to calculate the partial pressure profile inside the catalyst. An accurate initial guess is extremely important for solve_bvp to converge quickly. For the first run (at the top of the tube) the initial guess for p s,CH 4 and p s,CO 2 is a second order polynomial profile bounded by the centre and outside of the catalyst. The outside is the partial pressure in the bulk gas as specified by the boundary conditions of the differential equations. The inside is calculated as the equilibrium partial pressure as specified by Cantera. While this is not the condition in the middle of the catalyst, it is closer to the actual inside of the catalyst than the outside partial pressure. After this initial iteration, the previous profile is used as the C122 initial guess at every step down the tube. This guess is generally a very good approximation of the actual profile so allows solve_bvp to converge quickly.
At each point in the catalyst, fsolve is used to calculate the partial pressures of H 2 , H 2 O, and CO using (Equations 8, 9 and 10). The first iteration is at the edge of the catalyst where the partial pressure of the 3 components is simply the pressure of the bulk gas as specified by odeint. At each subsequent step the initial guess for the partial pressures is the condition at the previous step. This is generally a good approximation as the partial pressure profiles will be smooth in the catalyst.
Results
The diffusion model was run with the conditions used by Xu and Froment [7] 4 m down the tube. Figure 3 compares the partial pressures profile found by the python model compared with the one found by Xu and Froment [7] . The profiles are all very similar in shape. Any differences may be due to the diffusivities used. Calculating the effective diffusivity involves many parameters and not all the ones used by Xu and Froment [7] are known. Cantera was used for the calculation of the molecular diffusivities for this model while Xu and Froment [7] did not specify how the molecular diffusivities were calculated.
The model for the whole tube was run with the same conditions as the industrial reformer used by Xu and Froment [7] . Several key variables were tracked for comparison. Figures 4 and 5 show that the two models match up well in general behaviour showing that the Python model is adequate at describing the reformer. The Python pressure drop was not as large as the one found by Xu and Froment [7] and the temperature increase and methane conversion were larger. The differences between the Python model and the Xu and Froment [7] model could have been caused by inaccuracies in estimating the void fraction of the bed. The carbon dioxide conversions match very well. .
where
is the net change in energy in segment k, h k is the enthalpy of the gases at point k in the tube,ṁ is the mass flow rate of the gas and V k is the volume in the tube between points k − 1 and k. The sources of energy included the enthalpy of gases entering and leaving and the heat flux through the tube wall. As the system is at steady state the energy flow in Figure 4 : The pressure, temperature, CO 2 and CH 4 conversions are compared with those found by Xu and Froment [7] in their model.
should be equal to the energy out for every segment in the tube. In every segment the the net energy flow ( dE k dt ) is less than 0.2% of the energy in or out. This difference is smaller than the accuracy of the numerical methods so is acceptable.
The Python model is a close enough approximation model results provided by Xu and Froment [7] . The next step is to compare the model with Methanex data where the regression will be thorough to ensure the model accurately represents the real reformers at Methanex. Other elements will be added such as interactions with the flue gas surrounding the tubes and transient behaviour. Finally the Excel interface will be improved so it is user friendly. Figure 5 : The intrinsic reaction rates in the reformer. The Python model is compared with Xu and Froment [7] .
Conclusion
A model for a steam methane reformer has been replicated in Python. A series of differential equations describe the reaction kinetics, temperature and pressure changes down the tube. A second system of differential equations describes the diffusional resistance in the catalyst at any point in the tube. The Python model has been compared with the original model it was based on. The model is shown to be a reasonable replica of the original. Future work will regress the model against the reformers currently running at Methanex.
